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Sporopollenin is highly cross-linked polymer composed of carbon, hydrogen, and oxygen
that is extraordinarily stable and has been found chemically intact in sedimentary rocks
some 500 million years old. It makes up the outer shell (exine) of plant spores and pollen
and when extracted it is in the form of an empty exine or microcapsule. The exines
resemble the spores and pollen from which they are extracted, in size and morphology.
Also, from any one plant such characteristics are incredible uniform. The exines can
be used as microcapsules or simply as micron-sized particles due to the variety of
functional groups on their surfaces. The loading of a material into the chamber of the
exine microcapsule is via multi-directional nano-diameter sized channels. The exines can
be filled with a variety of polar and non-polar materials. Enzymes can be encapsulated
within the shells and still remain active. In vivo studies in humans have shown that an
encapsulated active substance can have a substantially increased bioavailability than if
it is taken alone. The sporopollenin exine surface possesses phenolic, alkane, alkene,
ketone, lactone, and carboxylic acid groups. Therefore, it can be derivatized in a number
of ways, which has given rise to applications in areas, such as solid supported for
peptide synthesis, catalysis, and ion-exchange chromatography. Also, the presence of
the phenolic groups on sporopollenin endows it with antioxidant activity.
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The Oxford English Dictionary defines a biopolymer as “any of various polymers occurring in living
organisms.” They are often categorized simply as carbohydrates, proteins, nucleic acids, polyiso-
prenoid lipids, and lignin. Sporopollenin seems to fall off the list or appears much lower in profile,
despite its extraordinary properties that can exceed those of more widely known biopolymers.
Sporopollenin makes up the fabric of the outer shell (exine) of plant spores and pollens and is
arguably the toughest plant substance known. It has been referred to as the “diamond of the plant
world” (Kesseler, 2004), as “probably one of the most extraordinary resistant materials known in
the organic world” (Feagri and Iverson, 1964) and, in the plural sense, “the most resistant organic
materials of direct biological origin found in nature and in geological samples” (Brooks and Shaw,
1978). In support of these statements, intact exines have been found in some of the most ancient
sedimentary rocks found on the Earth’s surface (Wellman et al., 2003). In 1814, John (1814) was
first to comment on the inertness of tulip pollen wall material, which he called “pollenin.” Such
inertness was later reported in 1829 by Braconnot (1829) in the pollen wall of bullrush (Scirpoides
holoschoenus), which he named “sporonin.” Almost a century later Zetzsche et al. made a systematic
study to characterize the material from the asexual spores of Lycopodium clavatum L. (club moss)
(Zetzsche and Kälin, 1931; Zetzsche and Vicari, 1931). He combined the previous names to form
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the word “sporopollenin,” as the generic term for the resistant
exine material forming both spore and pollen grain walls, since
they appeared to be of the same or have a very similar chem-
ical character. More simply, sporopollenin has been defined as
“the resistant non-soluble material left after acetolysis” (Heslop-
Harrison and Shaw, 1971; Shaw, 1971) (using a hot mixture acetic
anhydride and concentrated sulfuric acid) (Erdtman, 1960) since
it readily digests most other biopolymers. Perhaps because of this
resilience, the structure and biosynthesis of sporopollenin has yet
to be fully elucidated although significant progress has beenmade
over the years (Brooks and Shaw, 1978; Hemsley et al., 1992; Shaw
and Apperley, 1996; Ahlers et al., 2000; Fraser et al., 2012; Watson
et al., 2012). There is evidence (Hemsley et al., 1998; Gabarayeva
and Hemsley, 2006) for the involvement of self-assembly in the
formation of exines and more recently evidence for genetic and
molecular regulation in sporopollenin biosynthesis (Basketter
et al., 1997; Ariizumi and Toriyama, 2011). Also, there is strong
support for sporopollenin being built up via catalytic enzyme reac-
tions present in the tapetum. In spite of the widely divergent exine
morphology and patterning across plant taxa, the developmental
processes of sporopollenin formation appear, surprisingly, not to
vary significantly, which suggests the preservation of a common
molecular mechanism (Fraser et al., 2012). The quest to unravel
the structure of sporopollenin has attracted several workers and a
variety of approaches over the years (Shaw, 1971; Schulze Osthoff
and Wiermann, 1987; Guilford et al., 1988; Wehling et al., 1989;
Shaw and Apperley, 1996). Cumulative evidence is in support
of sporopollenin being a highly cross-linked polymer composed
of carbon, hydrogen, and oxygen. The building blocks appear
to be varied and complex, comprising straight- and branched-
aliphatic chains, some of which are saturated, unsaturated, and
polyhydroxylated (Ahlers et al., 2000). Other important building
blocks involve oxygenated aromatic rings and phenylpropanoid
moieties. Cross-linking of the blocks has been shown to involve
ether cross-linking (Domínguez et al., 1998; Ahlers et al., 2000)
but carbon–carbon cross-linking is likely. Exines can be extracted
from spores or pollen by a variety of methods, all of which
rely upon and demonstrate the extreme stability of sporopol-
lenin to harsh chemical treatment and a wide range of digestive
enzymes. The early extraction work was performed to provide a
sourcematerial for structural characterization. Chemicalmethods
have included successive treatments with hot acetone, potassium
hydroxide, and phosphoric acid (Zetzsche andHuggler, 1928; Zet-
zsche and Kälin, 1931; Zetzsche and Vicari, 1931; Zetzsche et al.,
1937) although sulfuric acid was suggested (Shaw and Apperley,
1996) to be a better alternative to phosphoric acid. Acetolysis,
introduced by Erdtman (1960) is often used as a cleaning method
for palynological sample preparation and has been used frequently
since it is rapid and efficient. Interestingly, when used under
relatively mild conditions acetolysis has relatively little impact on
sporopollenin chemistry (Jardin et al., 2015). Domínguez et al.
(1998) developed amethod involving anhydrous hydrofluoric acid
in pyridine in one-step and claimed that it isolated unaltered
sporopollenin. An alternative one-step method used aqueous 4-
methylmorpholine-N-oxide and sucrose in alkaline conditions
(Loewus et al., 1985; Espelie et al., 1989; Couderchet et al.,
1996). Most of the extraction methods produce sporopollenin
that is nitrogen free by combustion elemental analysis, which is
indicative of sporopollenin being protein free. However, exines
treated with sequential hot alkali and acid treatments were also
shown to be protein free by mass spectrometry (MALDI-TOF-
MS and ESI-QqToF-MS) and electrophoresis (SDS-PAGE), which
are techniques in keeping with the Advisory Committee on Novel
Foods andProcesses (ACNFP) guidelines for the detection of trace
protein in foods. It was proposed byWiermann andGubatz (1992)
that all the harsh chemical methods denature sporopollenin in
spore or pollen wall. For this reason, they embarked upon a
detailed investigation using an extensive sequence of digestive
enzymes to remove all biopolymers and leave only the natu-
ral sporopollenin intact (Schulze Osthoff and Wiermann, 1987).
Clearly, it is important that sporopollenin be biologically degraded
in nature “otherwise we would quite simply be submerged in
these materials,” as Faegri (1971) stated. Various bacteria are
known to degrade sporopollenin under certain conditions (e.g.,
pH or aerobic milieu) (Faegri, 1971; Stanley and Linskens, 1974;
Edlund et al., 2004). There is surprisingly little in the literature
pertaining to characterized enzymes that are capable of degrad-
ing sporopollenin. Following pollination, the intine secretes an
enzyme cocktail (acid phosphatase, ribonuclease, esterase, and
amylase) to break up the exine, but the precise characterization
of such enzymes not been made (Edlund et al., 2004). Similarly,
an uncharacterized pollen esterase has been found in Hordeum
vulgare L. (barley) pollen that hydrolyzes sporopollenin, in pore
formation (Ahokas, 1976).
Exines are unique as microcapsules due to their resilience,
consistency in size and characteristic morphology, the latter two
features being peculiar to the plant taxa. The exines (Figure 1,
left) are penetrated by a myriad of nano-diameter sized channels
that provide access to the internal chamber (Figure 1, centre) for
hydration and dehydration processes (Rowley et al., 2003). The
biological role of the exines is to protect and transport the delicate
genetic and nutrient payloads as part of the plant replication
process. Therefore, the exines have evolved to be light shielding
(Rozema et al., 2001; Atkin et al., 2011), antioxidant, elastic,
and resilient, both chemically and physically. Such a wide range
of properties endowed upon sporopollenin exines has attracted
interest toward awide range of applications, particularly where the
raw pollen or spores can be obtained in bulk commercial amounts.
Examples include club moss (L. clavatum) (Figure 1), sunflower
(Helianthus annuus), pine (Pinus), and green algae (Chlorella vul-
garis). The foremost of these is the club moss, which is perhaps
the most robust and plentiful since it is used in herbal remedies
(Orhan et al., 2007; Mandal et al., 2010) and pyrotechnics (Ellern,
1968). However, the use of pollen from cereal crops, such as rye,
maize, and wheat, holds great potential due to the large amounts
of such crops being grown worldwide. Exines have served in two
roles: (i) as simple “microparticles” that are resilient, uniform,
and have a multifunctional and highly decorated surface and (ii)
resilient microcapsules with an accessible chamber that can be
filled with a variety of polar and non-polar actives with relatively
favorable weight-for-weight loadings (Figure 1, right). Initially,
applications used only the former capability.
Applications as microparticles: the first reported application
used exines extracted from L. clavatum using sequential treatment
with hot alkali and acid (Mackenzie and Shaw, 1980). The aro-
matic moieties of the exines were chloromethylated and used as a
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FIGURE 1 | Scanning electron microscopy (SEM) micrographs of Lycopodium clavatum L exines [left (bar=20μm)] exterior view of a cluster of
exines [center (bar=10μm)], microtome section of a single exine showing the empty internal cavity, and [left (bar= 20μm)] a microtome section of
exines embedded in acrylic resin with internal cavities filled with the resin.
Merrifield-type resin to synthesize a tripeptide. Conveniently, the
loading of the chloromethyl linker was similar to that found on
commercial synthetic resins. The chemical resilience and consis-
tency in particle size of exines, coupled with available aromatic
and carboxylic acid functions, were put to use as an immobile
phase in chromatography and ion-exchange processes (Shaw et al.,
1988). The former could be sulfonated with chlorosulfonic acid
to produce a strongly acid material and the carboxylic acid could
be converted into basic amino functionalities, either by using
different types of diamines or reductive amination using ammonia
(Barrier et al., 2010). Various chemically modified and unmodi-
fied exines from L. clavatum have been used formetal remediation
(Archibald et al., 2014). Modifications have also been reported
to demonstrate the use of sporopollenin exines as a support for
use in heterogeneous catalysis. Examples include sporopollenin-
supported Schiff bases (Sahin et al., 2012) and palladium catalysts
for use in Heck coupling reactions (Keles, 2013). More recently,
the exines have been demonstrated to act as an efficient support
for enzyme-catalyzed reactions (de Souza et al., 2015). The exine
surface possesses ionizable groups (phenols and carboxylic acids)
that become increasingly negatively charged with an increase
in pH (Binks et al., 2011). This has facilitated their being able
to adsorb at both air–water and oil–water interfaces, forming
stabilized liquid marbles and emulsions, respectively. The sur-
face conjugated phenol functionalities have been shown by cyclic
voltammetry to cause either a two-electron two-proton, or a two-
electron one-proton process, which suggests that a rapid electron
transfer takes place over the over the surface. This is in accordance
with the observed antioxidant behavior of sporopollenin for pro-
tecting encapsulated omega-3 oils. Furthermore, the exines have
been shown to adsorb ultra-violet and visible light (Atkin et al.,
2011; Lomax and Fraser, 2015), whichmight be expected in terms
of their biological role of protecting the genetic material within
the pollen or spore.
Applications as microcapsules: the capability of exines from L.
clavatum to act as microcapsules (Figure 1) was demonstrated
(Barrier et al., 2011) for a range of polar and non-polar materials,
over a wide range of molecular weights, from water to proteins up
to 2000 kDa (Atwe et al., 2014). Notably, neither the sporopollenin
nor the encapsulation procedure was significantly deleterious to
the enzymes’ activity, thus offering the possibility of the exines
to act as micro-reaction vessels or transporters of enzymes. This
concept was also shown to be effective for the encapsulation of
a lipase and subsequent use as catalyst in a variety of reactions
(Tutar et al., 2009; Yilmaz, 2012). L. clavatum exines were also
shown to work as micro-reactors for inorganic reactions. Mag-
netite nanoparticles and low-soluble salts, such as calcium phos-
phates, were formed within the exines’ chambers. The relatively
large available space in the L. clavatum exine’s chamber, cou-
pled with the exine’s amphiphilic surface properties have shown
application by being able to sequester oil very efficiently from
oil-in-water emulsions. Not surprisingly, the efficiency could be
controlled by modifying the polarity of the exines by convert-
ing the exine’s surface hydroxyl groups (alcohols, phenols, and
carboxylic acids), into polar salts (Na+ and K+) or non-polar
derivatives (ethers, esters, and acetates). The ester forms were
shown to sequester oils in near quantitative fashion. The elasticity
of the exines permitted encapsulated oils to be released from the
microcapsules in a stepwise manner simply by repeated rubbing.
It is of note that the exines can be obtained with the cellulose
intine (under) layer remaining intact, by hydrolysis of the spores
or pollen with strong base, such as aqueous potassium hydroxide
(Diego-Taboada et al., 2012). These double layered microcapsules
(intine plus exine) can also be alkylated and acylated to sequester
oil efficiently from emulsions. Normally, encapsulation into the
exine’s available chamber is via the nano-diameter channels that
penetrate them. However, it would appear that compression of the
dry exines under some 5–10 tonnes/cm2 can open the trilete scar
feature of the exines, allowing entry of living yeast cells into the
exines’ chambers (Barrier et al., 2011; Hamad et al., 2011). After
this process, the cells still remain viable within the chamber and
the exines undamaged, which further illustrate the remarkable
elasticity and physical robustness of the exines. The potential
for sporopollenin exines to be used in food and pharmaceutical
applications has been demonstrated by their having taste-masking
properties to the tongue when encapsulated with, such as fish oil
and ibuprofen (Diego-Taboada et al., 2013). Also, the exines were
shown to encapsulate a commercial gadolinium(III) MRI contrast
agent and allow slow release over 8 h in blood plasma (Lorch et al.,
2009). In vitro studies have shown exines to have the potential to
act as an effective drug delivery vector in which release can be
triggered by pH (Beckett et al., 2009; Diego-Taboada et al., 2013).
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However, more importantly, the potential for exines to be used
to deliver specialized foods and drugs has been demonstrated by
the significantly enhanced bioavailability of the omega oil eicos-
apentaenoic acid (EPA) in a double cross-over study in human
volunteers. It was shown that the taking the EPA in the encap-
sulated form provided a circa 10-fold increase in bioavailability
over taking the EPA alone. The mechanism involved may be
associated with bioadhesion of the exine capsules in the gas-
trointestinal tract. A later in vivo study in mouse showed that
the sporopollenin exines filled with ovalbumin as a model anti-
gen could be used for oral immunization and which demon-
strates the potential of the exines to be used for oral vaccination
(Atwe et al., 2014). The authors offered evidence by confocal
microscopy that the exines translocate across the mouse intesti-
nal epithelium, which, the authors proposed, might be involved
in the stimulation of the immune system. This work further
supports the potential of such microcapsules to have universal-
ity toward the delivery of polar and non-polar payloads. The
unique three-dimensional shapes and surface topographies of
pollens have attracted interest to synthesis inorganic mimics
for use in drug delivery and adhesive microparticles with tune-
able short- and long-range attractive forces (Goodwin et al.,
2013).
For many years, sporopollenin has been studied as a curiosity
due its robust nature and role in nature; however, it is only since
1980 that there has been a steady rise of interest in the potential
uses of sporopollenin, particularly from L. clavatum. The authors
believe that there will bemore applications and uses in the years to
come of this unique renewable polymer that is plentiful in nature
from a wide variety of plant sources.
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